ABSTRACT Lumen segmentation in intravascular optical coherence tomography (IVOCT) images is a fundamental work for more advanced plaque analysis, stent recognition, fractional flow reserve (FFR) assessment, and so on. However, the catheter, guide-wire, inadequate blood clearance, and other factors will impact on the accuracy of lumen segmentation. We present a simple and effective method for automatic lumen segmentation method in IVOCT based on morphological features. We use image enhancement, median filtering, image binarization, and morphological closing operation to reduce speckle noise, minimize the effect of blood artifacts and fill in small holes inside vascular walls. We extract the orientation and area-size of connected regions as morphological features in images and remove the catheter and guidewire completely by morphological corrosion operation, small area-size region removal, and orientation morphological feature comparison, and then the contour of the lumen can be discriminated. The evaluation metrics of this method, the Dice index, Hausdorff distance, Jaccard index, and accuracy of 99.32%, 0.06 mm, 99.4%, and 99.66%, respectively, are obtained from comparing with expert annotations on 268 IVOCT images. Compared with the other morphology-based lumen segmentation methods, the presented method can remove the catheter and guide-wire completely, even if the catheter and guide-wire cling to the lumen or the shape of the catheter is irregular. Since only morphological operations are used to complete all processes, the calculation burden is reduced greatly.
I. INTRODUCTION

Intravascular Optical Coherence Tomography (IVOCT) is a catheter-based examination method which uses near-infrared
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light to obtain high-resolution imaging of the in vivo vascular wall microstructure [1] - [4] . Vascular lumen contour information has great application value in evaluating the degree of stenosis of blood vessels, obtaining the optimal position of stent implantation and evaluating the adherence condition of stents [5] . In addition, fractional flow reserve (FFR) has been VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ considered as the gold standard for functional assessment of intermediate coronary stenosis. IVOCT can derive FFR by high accuracy lumen segmentation for IVOCT images [6] . Therefore, the accurate identification and segmentation of the vascular lumen contour is particularly important in the treatment of coronary artery disease [7] . In recent years, scholars have proposed series of methods for lumen segmentation in IVOCT are shown in TABLE 1, which includes: 1) Searching minimum energy method based on dynamic programming [8] - [10] , or level sets [11] , [12] . 2) Clustering method based on K-means [13] or learning method [14] , [15] . 3) Fuzzy system method based on global information [16] . 4) Graph-cut method [17] , [18] . It is noteworthy that morphology based methods are widely used in lumen segmentation, since they have many advantages including: 1) They are insensitive to intensity variation in images due to binarization process, so they have a robustness for noise. 2) Morphological operations have a low calculation burden. Among morphology based lumen segmentation methods, Moraes et al. [19] , Celi and Berti [20] and Macedo et al. [21] present lumen segmentation approach based on morphology methods with a high accuracy. A wavelet transform is used for an adaptive threshold selection in Otsu binarization [20] . However, these methods remove the catheter by setting pixels in the radial range of the catheter to zero. They will be failure if the catheter cling to the lumen or the shape of catheter is irregular. In addition, the guide-wire is characterized and removed by a bright reflection immediately followed by a shadow [21] . Extra recognition process increase calculation burden. No guidewire removal process is presented [19] .
In this paper, we present a simple and effective method for automatic lumen segmentation method in IVOCT based on morphological features. Firstly, we use image enhancement, median filtering, image binarization and morphological closing operation to reduce speckle noise and minimize the effect of blood artifacts. Secondly, to remove the catheter and guidewire, we extract the area-size of connected regions in images as a morphological feature, we remove the connected regions with small area-size after processing by a morphological corrosion operation. Thirdly, we identify difference between the orientation and area-size as two morphological features of the residual catheter and blood vessel to remove the residual catheter with a large area-size. And then the contour of the lumen can be discriminated. Finally, the missing contour of the lumen caused by the guide-wire's shadow is reconstructed by a bicubic interpolation. The evaluation metrics of this method, Dice index, Hausdorff distance, Jaccard index and Accuracy of 99.32%, 0.06 mm, 99.4%, 99.55% and 99.66%, respectively are obtained from comparing with expert annotations on 268 IVOCT images. Compared with other morphology based lumen segmentation methods, the presented method can remove the catheter and guide-wire completely, even if the catheter and guide-wire cling to the lumen or the shape of catheter is irregular. Since only the morphological operations are used to complete all processes, the calculation burden is reduced greatly.
II. MATERIALS AND METHODS
A. IMAGE DATA
The segmentation process is mainly divided into three parts: pre-processing, contour extraction and coordinate transformation. The algorithm flow chart is shown in Fig. 1 . The data set is selected for processing and analyzing from OCT images database of Jinling Hospital (Nanjing China). The raw data is exported from the IVOCT system (C7XR TM , LightLab Imaging/St. Jude Medical, Westford, MA) for postprocessing and frame analysis.
B. PRE-PROCESSING
The image pre-processing mainly includes four parts: image contrast enhancement, filter denoising, image binarization and morphological closing operation. In order to avoid losing the original image information, we adjust the gamma coefficient of the image and extend the variation range of the gray value in the original image to a larger gray change interval. Then, the input image under the original 16-bit polar coordinate system is image-enhanced to obtain a clear image. Subsequently, we use a median filter (2 × 2 median filter) method to remove the speckle noise of the image [22] . Next, to achieve subsequent morphological operation, an image binarization is achieved by the Otsu's automatic thresholding method. Finally, a morphological closing operation is used to fill in small holes inside the vascular wall and minimize the effect of blood artifacts.
C. REMOVAL OF GUIDE-WIRE AND CATHETER
After pre-processing, the catheter and guide-wire portions have a great influence on lumen segmentation [23] . Compared with previous morphology based lumen segmentation methods, we use morphology method to remove the catheter and guide-wire portions, whose calculation burden is reduced greatly due to no extra recognition process for the catheter and guide-wire. In addition, the presented method can remove the catheter and guide-wire completely, even if the catheter and guide-wire cling to the lumen or the shape of catheter is irregular.
For the initial removal of the guide-wire and catheter, a morphological corrosion operation is implemented. In order to choose a reasonable structuring element and avoid a large offset between the original contour of the lumen and the contour processed by a corrosion operation, we attempt different sizes of rectangles and discs as corrosion structuring element, respectively. The images processed by corrosion operation with different corrosion structuring elements are shown in Fig. 2 . The contours of the lumen are marked as red lines by different corrosion structuring elements and original image are shown in Fig. 3 . From Fig. 3 , a larger corrosion structuring elements can cause a more serious missing on contours of the lumen shown in Fig. 2 (a) (d) and (e), which will cause a failure of lumen segmentation shown in Fig. 3 (a) (d) and (e). On the contrary, if the corrosion structuring element is too small, small protrusions on the contours of the lumen caused by blood artifacts and speckle noise are not removed shown in Fig. 3 (c) and (f). In addition, a small corrosion structuring element cannot remove the catheter and guide-wire portions effectively shown in Fig. 2 (c) and (f). Finally, on the basis of the above analysis, we select a rectangular structuring element with a size of 5 × 5 to perform a morphological corrosion operation on images. In addition, from Fig. 3 , the catheter cling to the lumen and the shape of catheter is not a straight line, so the catheter cannot be removed easily by setting pixels in the radial range of the catheter to zero.
After morphological corrosion operation, the residual catheter and guide-wire portions still exist in images and there are many connected regions with different area-sizes shown in Fig. 2(b) . We need to retain connected regions of blood vessel and remove connected regions of the residual catheter and guide-wire. Here we firstly extract the area-size of connected regions as a morphological feature in images. We attempt to find a threshold of area-size to segment connected regions of blood vessel and others. By statistical analysis of 268 images, we find that the minimum area-sizes (MA) of the connected regions of blood vessel is 0.0133 mm 2 shown Fig. 4(a) , we delete the connected regions with areasize of less than 0.0133 mm 2 and list area-size of connected regions in Fig. 4(a) . During the statistical analysis of the area-size of connected regions from 268 images, area-sizes of residual catheter's connected regions are also higher than 0.0133 mm 2 . We mark area-size of residual catheter's connected regions as the black circle and mark area-size of blood vessel's connected regions. All area-sizes of guide-wire's connected regions are less than 0.0133 mm 2 after processed by morphological corrosion operation.
To remove residual catheter portions completely, using area-size of connected regions as only one morphological feature to process is not enough. From Fig. 2 , we find that the geometric shapes of the catheter are mainly linear distribution. The orientation of geometric shape also can be considered as a morphological feature. Therefore, we simultaneously extract orientation and area-size of connected regions as morphological features to remove the residual catheter.
The moment of an image region mainly represents the geometric features, also known as the geometric moment (invariant moment), which can be used to calculate the orientation of connected regions [24] , [25] . For grayscale images, if V (i, j) is used to represent the gray value of the image at (i, j) point and its second moment can be used to calculate the orientation of connected regions' shape. The orientation of a connected region can be defined as:
where θ is the minimum angle between the x-axis of the image and the orientation of the main axis of the target objects.
x c and y c are the center of gravity coordinates of the image.
Here the moment M pq can be expressed as:
where M 00 (p = q = 0) is the zeroth moment. value equals to 1 in the connected region. M 10 is the sum of the x coordinates equal to 1 in the connected region and M 01 is the sum of the y coordinates equal to 1 in the connected region.
To find an orientation angle threshold of connected regions to segment of blood vessel and the catheter, we calculate the orientation of connected regions with the area-size of more than 0.0133 mm 2 from 268 images based on (1)- (7) and the orientation distribution statistics of the connected regions are drawn as shown in Fig. 5(a) . From Fig. 5(a) , the orientation angles of straight-shaped catheter portions are mainly concentrated at about 90 • , whereas orientation angles of blood vessel portions are relatively dispersed and mainly concentrate at the range of 0-80 • . Based on this feature, the catheter and blood vessel portions can be distinguished by selecting a reasonable orientation angle threshold. Here we choose 89.5 • as the orientation angle threshold. The orientation angles of all catheter portions. However, from Fig. 5(b) (c) and (d) , orientation angles of three blood vessel portions are more than the orientation angle threshold of 89.5 • , which will cause segmentation errors. To further eliminate this segment error, we extract area-size of three blood vessel connected regions with segment error, which are shown in Fig. 4 (b) , (c) and (d). From Fig. 4(a) , the area-size of catheter from 268 images is less than 0.05 mm 2 . The area-size of three blood vessel connected regions are much higher than the area-size threshold of 0.05 mm 2 shown in Fig. 4 (b) , (c) and (d). The segment condition (SC) for blood vessel and catheter can be expressed as:
where A is area-size and O is orientation angle. Figure 6 shows examples of the orientation and area-size of the connected regions. The orientation and area-size of every connected region in images are calculated. We apply the segment condition in (8) to process them and the experimental results are shown in Fig. 7. From Fig. 7 , the residual catheter portions have been removed completely. By simultaneously extracting orientation and area-size of connected regions as morphological features, namely applying the segment condition in (8) , catheter are removed and the contours of the blood vessels can be accurately distinguished.
The guide-wires in some images are not removed completely as shown in Fig. 7 (g) and (h), since guide-wire and blood vessels are connected that becomes one connected region. The total number of these images containing guide-wire and blood vessels connected is 5 and the rate of in 268 images is 1.8657%, which is very small. This error can be eliminated by an easy method, which is presented in Section II D.
D. CORRECTION OF GUIDE-WIRE CONECTING BLOOD VESSELS
Firstly, we need to discern the images of guide-wire and blood vessels connecting. Comparing with Fig. 7 (f) and (g), when the guide-wire is removed completely, a black shadow exists on the blood vessel shown in Fig. 7(f) , namely, the intensity of some A-scans (ρ direction) of the image are all zero. Whereas, when the guide-wire is not removed, the guide-wire will at the front of the shadow along the ρ direction and the intensity of all A-scans will not be zero. Based on this phenomenon, the images of guide-wire and blood vessels connecting are identified easily.
Secondly, we locate and remove the guide-wire from the images that contain guide-wire and blood vessels connecting. Here we apply a method by combining of intensity and the length of guide-wire features to locate and remove the guide-wire [13] . 
E. CONTOUR DISCRIMINATION AND RECONSTRUCTION OF INCOMPLETE CONTOUR
We search the location of the first pixel with an intensity of 1 as the lumen contour for each A-scan (ρ direction) in the image shown in Fig. 8 (a) and (b) .
Since a black shadow exists on the blood vessels and the discriminated lumen contour (marked as a red line) is not complete shown in Fig. 8(b) , we apply a bicubic interpolation compensation method to reconstruct the missing lumen contour caused by the guide-wire's shadow. After that, the missing on the lumen contour is reconstructed shown in Fig. 8(c) .
F. COORDINATE TRANSFORMATION
The bilinear interpolation of the image in the polar coordinate system is used and then we can get images in Cartesian coordinates. The final discriminated results of lumen contour marked as a red line are shown in Fig. 9 .
III. VALIDATION METHODS AND RESULTS
The presented lumen segmentation method is validated through directly comparison to the manual annotations made by one independent expert observer blinded to automated segmentation results (considered as ground truth). A set of five metrics [9] , [26] - [28] are used to measure the accuracy of the presented method. These metrics are described below: (1) Dice coefficient (DICE) [19] , [29] , [30] 
where V seg is the area-size of automatically segmented regions, V gt is the area-size of manually segmented regions.
Here the area-size of segmented regions is the right part separated by the vessel contour in images with polar coordinates. V seg ∩ V gt is area-size of the overlapping lumen regions of image segmented by automatic method and manual method. DICE falls in the interval of [0-100%], it represents the similarity between the two segmentations, therefore, the higher the DICE, the more close the automatic segmentation to manual segmentation.
(2) Hausdorff distance (H ) [21] 
where seg and gt are pixels of the lumen contour obtained with the automatic and the manual segmentation respectively. SEG and GT are the lumen area from automated segmentation and manual segmentation. dist represents the distance between the two pixels.
The value of JS represents the overlapping area ratio between automatic and manual segmentation. The value of JS is between 0 and 100% for the worst and the best situation, respectively. (4) Accuracy (ACC) [21] , [30] 
where TP is true positive, FP is the false positive, TN is the true negative and FN is the false negative. TP, FP, TN and FN are obtained from relations based on (13)- (16) . The value of ACC falls in the interval of [0-100%]. The higher ACC, the higher similarity between automated and manual segmentation. We obtain the averaged and the standard deviation of these metrics using automatic segmentation and manual segmentation. The results of these parameters we calculated are shown in the TABLE 2. For the studies [19] , [29] , [30] , the DICE matrix achieved values from 97±1.5 (%) to 97.8±2.16 (%), while our proposed method presented the DICE of 99.32±0.58, which is comparable to the literature [19] . H in our present method is 0.06±0.52mm, which is much lower than the value of the same parameter of 0.17±0.22mm [21] . As for the value of JS, the value of our method is 99.40±0.42 (%), which is higher than the JS of 95.6% in [14] . As for the value of ACC by our presented method is 99.66±0.25 (%), which is comparable to the ACC values which are from 99.77±0.25 (%) to 99.8±0.21 (%) in [21] .
A linear regression is used to characterize the degree of association between the manual and automated segmentation 
IV. CONCLUSIONS
We present a simple and effective method for automatic lumen segmentation method in IVOCT based on morphological feature extraction. We use image enhancement, median filtering, image binarization and morphological closing operation to reduce speckle noise, minimize the effect of blood artifacts and fill in small holes inside the vascular wall. We extract the orientation and area-size of connected regions as morphological features in images and remove the catheter and guide-wire completely by morphological corrosion operation, small area-size region removal and orientation morphological feature comparison. And then the contour of the lumen can be discriminated. The evaluation metrics of this method, Dice index, Hausdorff distance, Jaccard index and Accuracy of 99.32%, 0.06 mm, 99.4% and 99.66%, respectively are obtained from comparing with expert annotations on 268 IVOCT images. Compared with other lumen segmentation methods based on morphological operations, the presented method can remove the catheter and guide-wire completely, even if the catheter and guide-wire cling to the lumen or the shape of catheter is irregular. Since only the morphological operations are used to complete all processes, the calculation burden is reduced greatly.
The data set in our experiment is 268 images, which sample number is a relatively small. The reason is that the manual segmentation by an expert is a time-consuming work. In future, we will consider to increase the sample number. 
